The instability of lava deltas is a recurrent phenomenon affecting volcanic islands, which can potentially cause secondary events such as littoral explosions (due to interactions between hot lava and seawater) and tsunamis. It has been shown that Interferometric Synthetic Aperture Radar (InSAR) is a powerful technique to forecast the collapse of newly emplaced lava deltas. This work goes further, demonstrating that the monitoring of lava deltas is a successful strategy by which to observe the long-term deformation of subaerial-submarine landslide systems on unstable volcanic flanks. In this paper, displacement measurements derived from Synthetic Aperture Radar (SAR) imagery were used to detect lava delta instability at Stromboli volcano (Italy). Recent flank eruptions (2002-2003, 2007 and 2014) affected the Sciara del Fuoco (SdF) depression, created a "stacked" lava delta, which overlies a pre-existing scar produced by a submarine-subaerial tsunamigenic landslide that occurred on 30 December 2002. Space-borne X-band COSMO-SkyMED (CSK) and C-band SENTINEL-1A (SNT) SAR data collected between February 2010 and October 2016 were processed using the SqueeSAR algorithm. The obtained ground displacement maps revealed the differential ground motion of the lava delta in both CSK and SNT datasets, identifying a stable area (characterized by less than 2 mm/y in both datasets) within the northern sector of the SdF and an unstable area (characterized by velocity fields on the order of 30 mm/y and 160 mm/y in the CSK and SNT datasets, respectively) in the central sector of the SdF. The slope stability of the offshore part of the SdF, as reconstructed based on a recently performed multibeam bathymetric survey, was evaluated using a 3D Limit Equilibrium Method (LEM). In all the simulations, Factor of Safety (F) values between 0.9 and 1.1 always characterized the submarine slope between the coastline and −250 m a.s.l. The critical surfaces for all the search volumes corresponded to the 30 December 2002 landslide, which involved the lava delta and its surrounding areas. InSAR data provided the post-effusive deformation field after the 2007 and 2014 flank eruptions, whereas LEM results highlighted that the accumulation of lava flows on the prone-to-failure SdF submarine slope is the main cause of the detected lava delta deformation. Lava delta instability, measured also at Pico Island (Azores) and Kilauea volcano (Hawaii), is evidence of the broader spectrum of instability phenomena that take place in the coastal or submarine area of the flanks of the volcanoes. At Kilauea, past lava deltas have moved faster than the surrounding slope and the recorded movements relate only to the collapses of the deltas themselves, producing rapid mass wasting near the coasts. In contrast, at Stromboli and Pico, lava deltas move at the same velocity as the surrounding slope. In these cases, the displacement at lava deltas can be considered as a proxy for the deformation of submarine slides. There are very few studies dealing with lava delta deformation, thus, the analysis presented in this work will benefit the monitoring of submarine slopes in other prone-to-failure coastal or island volcanic systems which have the potential to generate tsunamis. , is also shown; e) the present-day "stacked" lava delta (photo collected on October 2016 during the bathymetric survey), comprising the 2007 "low-elevation vent" lava flow (with a massive "aa lava flow" at the base) and the "high-elevation vent" lava flow, which consists of thin basal pahoehoe lava flows and extensive debris deposits produced by lava crumbling on the SdF extremely steep slope. Moore, 1996; Ramalho et al., 2013; Bosman et al., 2014) , are frequently unstable and delta collapses can potentially cause secondary hazardous events, such as littoral explosions and tsunamis (Jurado-Chichay et al., 1996; Mattox and Mangan, 1997; Chiocci et al., 2008a; Hildenbrand et al., 2012; Poland and Orr, 2014) . Lava delta instability has been measured at Kilauea volcano (Hawaii), occurring since the emplacement and ending after complete collapse of the delta (Poland and Orr, 2014) , and at Pico Island (Azores), associated with the creep of the southeastern flank of the island (Hildenbrand et al., 2012) . Steep delta slopes are subject to frequent instability (failure) events, ranging from slow slope creep (i.e., slow, intergranular frictional sliding due to low strain rate) to fast moving debris flows (i.e., high strain rate), eventually evolving into turbidites (Nemec, 1990) . This paper provides evidence that the study of long-term lava deltas deformation by means of the Interferometric Synthetic Aperture Radar (InSAR) data is fundamental to the monitoring of the stability of the submarine slopes in proneto-failure coastal or island volcanic systems. Stromboli volcano was chosen as test-site, representing an optimal environmental setting and a case history of volcano slope instability phenomena where this methodology can be tested. The combination of displacement monitoring and slope stability modelling revealed that the observed deformation is related to the instability of the submarine slope. The proposed combination of field-based observations and advanced techniques, such as remote sensing and numerical modelling, provides information about both cause and extent of the detected lava delta deformation field, and it can be considered as a proxy for the deformation of submarine slides.
Case study: Stromboli
Stromboli is a volcanic island located in the Tyrrhenian Sea, off the southern coast of Italy (Fig. 1a) . The entire volcanic edifice is ≈3 km high above the sea bottom and it is located at the NE tip of the Aeolian archipelago. It belongs to a late Quaternary, large volcanic complex of mostly basaltic to basaltic-andesitic composition (Tibaldi et al., 2009 ). The volcanic edifice has been affected by several episodes of sector collapse, the most relevant of which occurred ca. 13 ka in the NW part of the volcanic edifice, and which created the SdF depression (Tibaldi et al., 2009) . Another large collapse event occurred at 5.6 ± 3.3 ka (Tibaldi et al., 2009) , producing a massive landslide (0.73 ± 0.22 km 3 , Di Roberto et al., 2010) . The SdF depression is a landslide scar that extends down to 700 m below the sea level on the NW flank of the volcano and it is partially filled with volcaniclastic deposits and lavas (Kokelaar and Romagnoli, 1995; Rotonda et al., 2009; Nolesini et al., 2013) emitted from a summit crater terrace located at ≈750 m a.s.l. and from ephemeral vents located within the SdF ( Fig. 1b; Marsella et al., 2012) . Here, eruptive activity consists of typical persistent Strombolian activity, which is characterized by intermittent explosions from three vent zones (NE, SW and Central craters) located in the summit crater terrace (Calvari et al., 2014) . This persistent Strombolian activity is often punctuated by periods dominated by stronger explosions and lava overflows from the crater terrace flank eruption, a submarine-subaerial landslide sequence ( Fig. 1c; total volume of 25-30 × 10 6 m 3 , Bonaccorso et al., 2003; Chiocci et al., 2008a ) generated two tsunamis, which affected the coastline with a maximum run-up of 6-7 m at the Stromboli village (Tinti et al., 2006) . These tsunamis were caused by an initial submarine rotational slide (τ slide, composed of two coalescing slides, τ 1 and τ 2 in Chiocci et al., 2008a) that affected the underwater volcaniclastic apron down to a depth of 350 m (Chiocci et al., 2008a) , as well as by a second subaerial translational slide (β + γ slides in Tommasi et al., 2005; Fig. 1c) . Both the submarine and subaerial slides were caused by large deep-seated gravitational slope deformations (α slide in Tommasi et al., 2005 ; Fig. 1c ) triggered by the injection of a lateral intrusion (Bonaccorso et al., 2003) . The α slide developed under drained conditions, preventing the collapse of the entire α block (Chiocci et al., 2008a) ; during its continuous displacement, excessive pore pressure was likely generated in the τ slide (undrained load condition), reducing the effective stresses down to values compatible with the static liquefaction of the material (Tommasi et al., 2005; Boldini et al., 2009 ). Finally, subaerial β + γ slides were induced by the foot removal by the τ slide (Chiocci et al., 2008a) . Fig. 1d ; Zakšek et al., 2015) .
Recent flank eruptions at Stromboli have been characterized by ephemeral vents located in the SdF at elevations ranging from ≈350 m (1967 eruption; Marsella et al., 2012) to ≈670 m a.s.l.
(1985 eruption; Marsella et al., 2012) . During effusions characterized by high-elevation vents (600-670 m a.s.l.), lava flows reached the sea during the initial phase (high-effusion rate phase; Zakšek et al., 2015) , producing small lava deltas (less than 50 m from the coastline; Marsella et al., 2012) . Eruptions characterized by low-elevation vents (down to 350 m a.s.l.), such as the 1967 and 2007 flank eruptions, built up greater deltas (up to 100 m from the coastline; Marsella et al., 2012) , while the entrance of lava flows into the sea and their interactions with seawater led to littoral explosions. The latter directly produced large quantities of volcaniclastic deposits caused by the quenching and the fragmentation processes that occurred in the offshore portion of the SdF (Bosman et al., 2014) . During the 2007 eruption, the volume of erupted material (≈10 × 10 6 m 3 ) mainly gathered underwater (≈70%), rather than subaerially (≈30%; Marsella et al., 2012; Bosman et al., 2014) . Recent flank eruptions (2002) (2003) 2007 and 2014) produced a "stacked" lava delta on a scar generated by submarine-subaerial tsunamigenic landslides that occurred on 30 December 2002 (Fig. 1c, d , e). However, lava deltas at Stromboli are commonly short-lasting features, as they are commonly eroded away by the sea within a few months/years, as it was demonstrated by the lack of recognizable lava deltas at the shoreline and in shallow water areas before the 2002-2003 eruption (Kokelaar and Romagnoli, 1995; Casalbore et al., 2010; Marsella et al., 2012; Bosman et al., 2014) .
Material and methods
InSAR data, collected between February 2010 and October 2016 and processed using the SqueeSAR algorithm Fig. 2) , provided the post-effusive deformation field following the 2007 and 2014 flank eruptions. Based on a recently performed multibeam bathymetric survey, the stability of the submerged lava delta sector was investigated using the 3D Limit Equilibrium Method (LEM).
Space-borne InSAR
Space-borne Interferometric SAR (InSAR) is an advanced geodetic technique that is mainly used to construct Digital Elevation Models (DEM) (i.e., Stevens et al., 2001) and/or to measure the ground motions that occurred in a certain time interval (Massonnet and Feigl, 1998) . When mapping ground movement, InSAR technology is usually referred to as Differential InSAR (DInSAR), although this only yields the displacement projected along the Line Of Sight (LOS) direction (Crosetto et al., 2016) . The interferometric phase can be corrupted by noise (decorrelation) caused by contributions from the sum of different scatterers between SAR acquisitions. Signal decorrelation can be related to different factors (e.g., temporal and geometric decorrelation, volume scattering, atmospheric artefacts and processing error), and it is estimated by calculating the "coherence" (with values ranging from 0-1) between two acquisitions (Zebker et al., 1996) . Displacements can be better estimated by processing a long stack of images using MT-InSAR algorithms such as Permanent Scatterer Interferometry (PSInSAR) (Ferretti et al., 1999 (Ferretti et al., , 2001 , rather than by using two-image approaches (Crosetto et al., 2016) . In this work, the SqueeSAR algorithm, which represents the technological evolution of the PSInSAR technique Fig. 2) , was used. The SqueeSAR algorithm analyses targets from a radar imaging dataset and it involves not only the identification of coherent Permanent Scatterers (PS; i.e., small parts of the study area that exhibit coherent phase behaviour) but also that of partially coherent Distributed Scatterers (DS). PS usually correspond to manmade objects (e.g., buildings, linear structures, and open outcrops), whereas DS, which are all pixels belonging to a certain surface with similar and common radar returns and displacement vectors , typically correspond to homogeneous ground surfaces, uncultivated regions, desert or debris-covered areas and scattered outcrops . A space adaptive filtering procedure (DespecKS), based on a statistical test able to discriminate whether two pixels are statistically homogeneous , is applied to the stack of SAR images. The KolmogorovSmirnov (KS) test (Kwam and Vidakovic, 2007) is the solution used to select these statistically homogeneous pixels (SHP) within a certain search window (usually one hectare large). This test is performed directly on the amplitude values of each pixel and it is used to connect all the pixels that record common radar characteristics with the pixel considered (which is the centre of the search window). All the SHP are then considered as a homogeneous population and further analysed. After selecting the SHP, the DespecKS algorithm allows us to i) average the amplitude or intensity values of each set of DS and reduce the speckle noise of the homogeneous areas without modifying the pointwise targets (i.e., the pixels referred to PS); and to ii) estimate the complex coherence matrix of every set of SHP . The phase triangulation algorithm (PTA, Ferretti et al., 2011 ) is applied to the coherence matrices of every DS to optimize the phase values of the original stack of SAR images and to perform the 3D phase unwrapping (Hooper and Zebker, 2007) . Finally, the PS and DS are jointly processed using the PSInSAR procedure (Ferretti et al., 2001) . In this work, a total of 84 SAR images from the X-band (9.6 GHz), COSMO-SkyMED (CSK) constellation (22 February 2010 -18 December 2014 and 47 SAR images from the C-band (5.6 GHz) SENTINEL-1A (SNT) satellite (23 February 2015-October 15 2016) were used (Fig. 2) . Fig. 2 also shows the localization of the reference point, which was chosen out of the SdF depression, in an area where no slope movements have been historically registered or are expected. Applying InSAR techniques can be a challenging task in very active volcanic islands and volcanic environments because of the frequent ground surface modifications that occur during eruptions and may lead to coherence loss (Dietterich et al., 2012; Di Traglia et al., 2018) . Another issue is that of the variability of tropospheric water vapour, which modifies the radar signal (Wadge et al., 2002) and which is a well-known source of noise in repeat-pass interferometry (Hanssen, 2001 ) that leads to radar delay by causing changes in the refractivity index (Puysségur et al., 2007) . This effect is particularly strong along the steep slopes of a volcanic cone, where topographic relief can induce the local flow of air that modifies temperature, pressure, water content, motion and mixing (Kim et al., 2017) . Williams et al. (1998) subdivided the procedures needed to reduce tropospheric noise into statistical methods, which exploit a redundant stack of data to limit this component, and calibratory techniques, which measure or model the atmospheric effect by subtracting it from the radar signal. Thus, in this complex environment, it is not always possible to separate deformations from atmospheric noise components without removing and thus underestimating part of the actual deformation. Along the SdF slope, the expected deformations are on the order of several centimetres per year, whereas the atmosphere disturbance is on the order of a few centimetres. For this reason, a slight atmospheric phase screen (APS) filtering was performed (Ferretti et al., 2001) , which allowed the preservation of the deformation component as much as possible by losing PS coherence in some sectors of the SdF. 
Multitemporal infrared thermographic surveys
Several field inspections and multitemporal InfraRed Thermographic (IRT) surveys of the SdF were performed (Fig. 3) in February 2014 (pre-2014 flank eruption), August and September 2014 (syn-2014 flank eruption), and December 2014 (post-2014 flank eruption) in order to analyse the patterns and thermal behaviour of lava flows and their influence on the lava delta, as well as to obtain information about the rock mass fracturing and surface weakness of the lava delta rocks. The IRT surveys were carried out using a handheld FLIR SC620 uncooled microbolometer thermal camera (Table 1; FLIR, 2009) . Adjacent thermogram analysis and mosaicking were performed using the FLIR software (FLIR, 2014) . A built-in 3.2 Mpixel digital camera, which acquires images in the visible range simultaneously with respect to the thermograms, improved the interpretation of the detected thermal anomalies.
Bathymetric survey
To characterize the submerged slope sector of the SdF, a bathymetric survey was carried out in September 2016 (Fig. 4) , using a High-Frequency Multibeam (700 KHz UHR frequency; model R2024 of R2Sonic) capable of performing side scan sonar functionalities (TruePix) to determine background morphology. The survey was carried out on-board a 6.9-m-long and 2.4-m-wide catamaran, using the following:
• MBES (MultiBeam Echo-sound System): Multibeam R2 Sonic 2024 depth sounder with a 200-400 kHz transducer;
• DGPS Topcon Legacy-E System and Emisphere V101 Secondary System;
• Motion Sensor integrated with Orion Gyrocompass by TSSTEledyne;
• QPS QINSy Hydrographic Survey Software.
Given the characteristics of the multibeam system, the seafloor was investigated between −20 and −500 m a.s.l., generating a digital elevation model (DEM) with a cell size of 5 m. Moreover, rockfall hazards from the steep subaerial SdF area prevented us from working close to the coastline. The positioning procedure was performed using a Topcpn Legacy-E model Differential GPS (DGPS) with EGNOSV101 differential correction. The acquisition, management and storage of location and navigation data were performed with a navigation system consisting of a workstation equipped with the QINSy Survey software (produced by QPS). The DGPS surface displacement system was interfaced with all the necessary measurement tools for data acquisition and management. The digital data were organized within a database in a series of files identified by the following parameters: survey line identifier; date of recording; time of recording. The chosen instrumental configuration was designed to optimize all required operations and to simultaneously obtain a high-reliability and precise data set. Details of the bathymetric surveys are reported in the Supplementary Materials.
3D limit equilibrium method
The stability of the submarine SdF slope has been evaluated using the Scoops3D software (Reid et al., 2000 (Reid et al., , 2015 . Scoops3D evaluates slope stability with a DEM, using a three-dimensional (3D) method of column approach, which assesses the stability of many potential failure surfaces by considering a user-defined volume range (Reid et al., 2000 (Reid et al., , 2015 . Scoops3D evaluates slope stability using a 3D version of the Bishop's simplified method of limitequilibrium analysis, considering rotational and spherical landslide surfaces (Reid et al., 2000 (Reid et al., , 2015 .
Scoops3D records the lowest factor of safety (F) for each DEM cell, which is defined as follows:
where τ is the shear stress and s is the shear resistance (strength), which is defined as:
where c is cohesion, σ n is the normal stress, u is the pore-water pressure acting on the shear surface, and ϕ is the angle of internal friction (Reid et al., 2015) . Scoops3D also computes the volume and area associated with each of these potential landslides and determines the least stable potential failure surface for the entire DEM (Reid et al., 2000 (Reid et al., , 2015 . The numerical code also includes the option to represent subsurface materials as full 3D distributions of: i) material cohesion, the angle of internal friction, and weight; ii) earthquake or seismic loading effects in a pseudo-static analysis; iii) pore-water pressure effects, either using pore-pressure ratios (relative to vertical stresses), a piezometric surface or a full 3D distribution of pressure heads; or iv) fully 3D variably saturated groundwater flow fields and the effects of unsaturated suction stresses.
Internal friction and cohesion have sizable effects on the depth of the slip surface and can thus influence the volume and area of a potential landslide (Reid et al., 2015) . One way to constrain the influence of the material on the modelled landslide is to use the non-dimensional ratio λ:
where c is cohesion, γ is the material unit weight, H is the hillslope height, and φ is the angle of internal friction (Janbu, 1955) . The higher the λ value, the deeper the critical surface and the Table 2 ), whereas the lava delta was constructed as a prism comprising a saturated Lava Breccia Unit (see Table 2 ), with thicknesses derived from the bathymetric profiles and variations in the slope angles with depth.
larger the associated volume. For λ = 0, the critical surface is always shallow, with the smallest volume.
Based on submarine morphology and previous reconstructions (Kokelaar and Romagnoli, 1995; Chiocci et al., 2008a Chiocci et al., , 2008b Casalbore et al., 2010; Bosman et al., 2014) , the LEM analysis was constructed considering two layers of subsurface materials, namely, i) volcaniclastic deposits, which comprise the entire submarine SdF slope; and ii) the lava delta that covers the volcaniclastic deposits in the northernmost region of the SdF, which extends from the coastline to approximately −250 m a.s.l. Because the aim was to model only the effect of the lava delta on the stability of the SdF volcaniclastic apron, the lateral SdF edges were not considered. The water table was assumed to be flat and coincident with sea level, representing the vertically hydrostatic pressure heads beneath the surface (i.e., the water load on the slope). The pore pressure acting on the slope is defined by the vertical depth beneath the piezometric surface multiplied by the unit weight of water (Reid et al., 2015) . The pore pressure, u, is related to the pressure head, h (in units of length), and the water unit weight, γ w , by the following equation:
The unit weight (γ s ), angle of internal friction and cohesion of the saturated SdF material Nolesini et al., 2013) are used to determine the potential failure mass beneath the piezometric surface (Table 2 ).
Results

Ground deformation maps
Within the entire SdF area, the SqueeSAR analysis of the CSK dataset revealed that the maximum displacement recorded in the SdF sector is related to the presence of the 2007 and 2014 lava flow fields in the northern SdF and that of the 2010 and 2011 overflows in the western SdF (overflows are reported in Fig. 1d and related displacement in Fig. 2a) , whereas the maximum displacement recorded by the SNT dataset is only related to the presence of the 2014 lava flow field (Fig. 2b) .
Ground displacement maps revealed the differential ground motion of the lava delta in both the CSK and SNT datasets, identifying a stable area in the northern SdF and an unstable area in the central SdF (Fig. 5a, b) . The northern part of the delta is stable in both datasets (yielding velocities of less than 2 mm/y), whereas the central part (between points 1-2 and points 5-6 for CSK and SNT datasets, respectively - Fig. 5a, b) is characterized by average displacement rates on the order of 30 mm/y and 160 mm/y for the CSK and SNT datasets, respectively.
Time series analysis
The analysis of the profile tracks (Fig. 5c, d ) and displacement time series extracted from single DS located along them (Fig. 5e, f) confirmed the differential ground motion of the delta. The unstable portion records high displacement values since 2010, reaching cumulative values of 200 mm in the period between 2010-2014 for the CSK dataset and between 2015-2016 for the SNT dataset, for a total amount of more than 400 mm between February 2010 and October 2016. The CSK time series of deformation for Points 1, 2 and 3 show a clear change in trend in the last part of the series, corresponding to the 2 December 2014 acquisition. The registered acceleration is equal to 70 mm/yr for Point 1 and 20 mm/yr for Points 2 and 3. The SNT time series shows another change in trend during the 2016 as highlighted by the time series of Points 5 and 6, located in the central sector of the lava delta, which register a strong deceleration starting from the April 2016 acquisitions, when the deformation velocities drop from 180 mm/yr and 70 mm/yr for Points 5 and 6, respectively toward the stability. Point 7, which is located at the boundary with the delta stable sector and Point 8, which is located within the stable area, registers minor temporal oscillations of displacement values (i.e. around November 2015 and August 2016). These variations are not connected to a ground surface process but are most likely related to the intrinsic variation, of few millimetres for each acquisition, of the PSI processing and thus of the derived time series. The no-data zones, which are located in both datasets within the central SdF area (Fig. 2) , are consistent with the accumulation of volcaniclastic material, mainly derived from Strombolian activity at the summit crater terrace (Di Traglia et al., 2018) . This dynamic landscape evolution produces very low coherence, thus precluding any possible measurement of the displacements using the SqueeSAR technique (Di Traglia et al., 2018) .
A first-order investigation of the relationship between the lava delta subsidence and the thickness of the 2014 lava flow was carried out using two Digital Elevation Models (DEMs; Fig. 5d 
Multitemporal infrared thermography
The IRT survey (Fig. 3) revealed the typical Stromboli lava flow field morphology produced by a high-elevation vent (as described for the 2002-2003 lava flow field by Lodato et al., 2007) , which comprised i) a proximal shield, formed by a series of tumuli and their resultant a a flows around the effusive vent at ≈650 m a.s.l.; ii) a medial zone fed by small flows (large flows were emplaced only during the initial high-effusion-rate phase -7-10 August 2014) and characterized by steep slopes that caused both lava crumbling (Fig. 3c, d ) and the production of a debris field; iii) a basal toe composed of the debris flow field emplaced above the stacked lava delta, comprising the 2007 and early (7-10 August 2014) lava flows. The IRT inspections also revealed the rapid cooling of the lava delta, as it was no longer fed directly by lava flows after the first 3-4 days following the eruption's onset. During the field surveys, no evidence of fracturing processes related to instability phenomena were observed.
Bathymetric survey
From the isobaths shape (Fig. 4a) , it is immediately possible to notice the absence of the 30 December 2002 landslide scar (with a max. depth of 45 m and a max. width of 650 m, located in the northern edge of the SdF sub-marine part; Fig. 1c) , thus accounting for an almost complete scar filling, as was observed by Chiocci et al. (2008a) . A slope versus depth analysis, based on the new bathymetric reconstruction, allowed the identification of two different sectors of the surveyed part of the submerged SdF (Fig. 4e, g ): i) a proximal area (from the coastline to −250-−300 m a.s.l.), which is characterized by a steeper slope (>30 • ) and a smoother morphology, definable as a volcaniclastic fan-deltoid apron (Casalbore et al., 2010) ; ii) the lava delta, which is located in the northern part of the proximal area, showing a slope gradient of >40 • and a rough surface; iii) a distal area, deeper than −300 m a.s.l., with a slope gradient of <30 • and a smooth morphology. 
3D limit equilibrium method
The stability analysis was conducted using three different ranges of landslide volumes ( (Fig. 6) . The critical surface with the lowest factor of safety (F = 0.93) for small-volume simulations involves much of the lava delta at depths between −5 and −260 m or −250 m a.s.l. (Fig. 6a) . The resulting potential landslide has a volume of (Fig. 6c) . It has a volume of 11.2 × 10 6 m 3 , with a maximum thickness of 52 m and a sliding surface of 5.9 × 10 5 m 2 (Table 3) .
Discussion
SAR instruments can detect post-emplacement lava flow motions related to different mechanisms (Stevens et al., 2001 ): i) thermal contraction (movements perpendicular to the pre-effusive slope; Fig. 7a) ; ii) the readjustment of external breccia, resulting in radar phase decorrelation due to the rapid and chaotic movement of surface scatterers (e.g. Dietterich et al., 2012; Fig. 7b ); and iii) the time-dependent depression of the substrate triggered by overloading, affecting the area covered by the newly emplaced material and a margin extending some tens to hundreds of metres beyond it (Stevens et al., 2001; Chen et al., 2017) . On flat topography, this latter effect will produce vertical movements (Stevens et al., 2001 ), which will turn into slope instability (down-slope movements) on steep slope topography ( Fig. 7c; (Bonforte et al., 2016; Di Traglia et al., 2018) . Other SAR signals associated with the subsidence of lava flows gravity-driven slip or landsliding (e.g., Ebmeier et al., 2014) . Moreover, the thermal-induced fracturing of the lava flow (joint formation) could increase down-slope movements on steep slope topography (Fig. 7a) . In the case of lava deltas, ground deformation is generally attributed to the thermal contraction of cooling lava and the compaction of volcaniclastic materials (i.e., pre-existing deposits and autoclastic debris) below the delta itself (Poland and Orr, 2014) . On Stromboli, SAR coherence is reduced only in localized areas placed upslope with respect to the lava delta, implying that the readjustment of the external breccia makes only a small contribution to the InSAR signal (Fig. 7b) . In the delta area, the overall coherence remained at high values (>0.5) for both datasets (Fig. 2c, d ). The crumbling of newly emplaced 2014 lava and breccia movement along the slope, as highlighted by the IRT surveys (Fig. 3) , was measured by Di Traglia et al. (2018) using a ground-based InSAR apparatus. Fig. 7. In a) , b) and c) the conceptual model for post-emplacement lava flow motions related to different components is shown: a) thermal contraction (movements perpendicular to the pre-effusive slope) and thermal-induced joint formation (down-slope movements on steep slope topography); b) readjustment of the external breccia, resulting in low coherence in the radar phase due to the rapid and chaotic movement of surface scatterers; iii) the time-dependent depression of the substrate triggered by overloading, affecting the area covered by newly emplaced material and a margin extending some tens to hundreds of metres beyond it, thus increasing the slope instability (down-slope movements) on steep slope topography. The LOS direction is a simplified scheme that can be used by the reader to understand the acquisition geometry (see satellite geometry description in the Supplementary material). The section is oriented along the LOS direction, representing the most suitable situation for a InSAR based monitoring study and it is only a conceptual model of the phenomena that occur during the lava emplacement and the radar response of the slope in terms of ground deformation. In order to correctly estimate the E-W and N-S components, it is mandatory to combine both ascending and descending orbits (Bonforte et al., 2011) . Unfortunately, the data reported here have been processed only in one orbit, that is the effettive for limiting shadowing and layover problems on the Sciara del Fuoco slope. In d), e), f), and g) the conceptual model for the main triggers of volcanoes slope instability is shown. The motion of the surficial material (F < 1 condition), without the involvement of the deep-seated landslide (F ≈ 1 condition), can be triggered by slope overloading in the d) sub-aerial part (as occurring at Stromboli after the 2014 flank eruption; Di Traglia et al., 2018) , or e) in the sub-marine part (as during the lava delta collapse at Kilauea; Sansone and Smith, 2006) . Other mechanisms, f) like sheet intrusion (as occurred at Stromboli during the 2002-2003 flank eruption; Bonaccorso et al., 2003) and g) seismic shaking can trigger the destabilization of the entire volcano flank (Voight and Elsworth, 1997) , reducing the factor of safety at shallower and deeper levels.
The same movements were impossible to measure by applying the SqueeSAR technique to CSK imagery, due to the satellite revisiting time (16 days during the 2014 flank eruption). IRT and field inspections also showed the rapid cooling of the lava delta and no evidence of fracturing processes related to instability phenomena (Fig. 3) .
This work is focused on the effect of the slope loading to the shallow motion of surficial deposits (see Nolesini et al., 2013 for the modelling, comparison with GBInSAR data and discussion), not considering deep-seated, persistent flank motion ("volcanic spreading", see Poland et al., 2017) . LEM analyses highlighted that the high-gradient proximal area is characterized by low F val-ues (0.9-1.1) relative to more distal areas (Fig. 6) . Moreover, the lowest F value for each search volume is always located in the volcaniclastic apron around the lava delta, in the same position as the 30 December 2002 landslide. This likely reflects the beginning of a new instability phase like that which occurred before the 30 December 2002 tsunamigenic landslide. It is worth noting that the northernmost part of the lava delta overlies the northern, stable, SdF lateral margin (Chiocci et al., 2008b) . The measured displacement may be related to the instability of the volcaniclastic apron within the 2002 scar due to the low strain rate likely associated with the loading of the volcaniclastic material exerted by the lava delta under drained conditions (Fig. 6e) , which implies that the drained shear strength of the SdF volcaniclastic infill is higher than the maximum shear stress related to delta loading. This theory is also supported by the time series of deformation extracted from the CSK dataset in the moving sector of the lava delta, where an abrupt acceleration, which is directly connected to the emplacement of the lava flows during the 2014 eruption, which began in August 2014, was registered ( Fig. 5e and f) . In the stable sector of the lava delta, the time series of deformation showed only minor-order oscillations, confirming the correlation between the displacements registered with the underwater morphology and the lithology of the lava delta. If the shear rate increases, the undrained load conditions could generate a liquefied flow (Chiocci et al., 2008a) . Shear-rate intensification could be related to the reactivation of deep-seated gravitational slope deformations (α slide), as proposed by Chiocci et al. (2008a) for the 30 December 2002 event, or by slope overloading from a subaerial landslide, as proposed by Nolesini et al. (2013) .
Lava delta instability has been measured at Pico Island (Azores; Hildenbrand et al., 2012) and Kilauea volcano (Hawaii; Poland and Orr, 2014) . At the latter location, InSAR data Revealed that lava delta instability (seaward displacement and subsidence) occurred at more than 5 mm/day and ended after complete collapse of the delta (Poland and Orr, 2014) . In the first case, the slump of the southeastern flank of Pico Island has been identified. The slump, involving several cubic kilometres of the subaerial and submarine volcano structure, shows little horizontal displacement (1.6 ± 1.3 mm/yr), but significant (5-12 mm/yr) downward movement (Hildenbrand et al., 2012) . The lava deltas mentioned earlier in the text were emplaced in areas affected by large scale flank deformation but only Stromboli and Pico instabilities registered the same velocity magnitude of surrounding slope, while the Kilauea deltas show higher velocity compared to the so called Hilina slump (Poland et al., 2017 for a review on Kilauea flank instability). Generally speaking, moving lava deltas can be considered as landslides. In the case of Stromboli, the new lava delta filled the 30 December 2002 landslide scar, and InSAR measures a subsidence at a rate in the order of 10 1 -10 2 mm/yr. In this case, as also in the case of the Pico subaerial-submarine slump, it can be classified as a very slow landslide, in terms of Cruden and Varnes (1996) classification. At Kilauea, rapid mass wasting of shallow submarine basalts was documented in 1990 (Sansone and Smith, 2006) . Effusive eruption produced the widespread formation of lava pillows at this site over a water depth range of 20-40 m, that collapsed over few days generating a debris field composed of material ranging in size from fine sand to boulder fragments (Sansone and Smith, 2006) . In this case, the pre-collapse data can be used to classify the delta movements as slow landslides moving within the perimeter of a bigger, very slow landslide (HIlina slump). The continuous down-slope motion of these slopes (and deltas) implies a limit equilibrium condition for the volcano flanks (i.e. the factors of safety approach the unity). In all cases, an acceleration of the system caused by slope overload (Kilauea collapses; Sansone and Smith, 2006) or other types of forcing (dike intrusion, overloading, seismic shaking, etc.), can produce a strong increase in velocity (sudden drop in F ) and the development of rapid flow-like landslides (debris flow/avalanches and/or turbidites; Hutchinson, 1986) .
Conclusions
Slope failures of volcanic edifices produce a wide spectrum of instability phenomena, from small rock-falls to large-scale slope deformation, eventually evolving in rock-slides or debris avalanches. The greatest danger associated with landslides in coastal or on island volcanoes is their ability to generate tsunamis whose effects can propagate far away from the source areas. In addition, the coastal population is progressively increasing all over the world, thus the danger caused by tsunamigenic landslides is expected to grow in the future.
Our efforts have focused on Stromboli volcano, an optimal environmental setting and a case history of volcano slope instability phenomena, since: i) it experienced moderate to major instability events, ii) its slopes are prone to mass-wasting phenomena, iii) recent flank eruptions produced a stacked lava delta that can be monitored using remote sensing techniques; iv) its flanks are affected by persistent volcanic activity that can significantly affect the stability of slopes, v) landslides from its flanks may generate tsunamis that could affect inhabited areas, and vi) it is one of the best studied and, among all, monitored volcano on Earth, providing exceptional validation data and ground-truth constrains. In this study, X-band COSMO-SkyMED and C-band SENTINEL-1 SAR images, obtained from February 2010 to October 2016, were processed using the SqueeSAR algorithm. Moreover, a 3D Limit Equilibrium Method (LEM) analysis was constructed based on new underwater data. In more detail:
• SqueeSAR data revealed differential ground motion of the lava delta in both the CSK and SNT datasets, identifying a stable area in the northern SdF and an unstable area in the central SdF;
• The displacement time series confirmed this internal delta subdivision, which also demonstrated the presence of abrupt changes in the trends in the unstable portion of the SdF that were connected to the emplacement of the 2014 eruption lava flows;
• The boundary between the two areas corresponds to the northern edge of the 30 December 2002 tsunamigenic landslides;
• the Factor of Safety (F) ranges from 0.9 to 1.1 between the coastline and −250 m a.s.l. for all simulations; • The lowest factor of safety for all search volumes always involves the greater part of the lava delta and matches the 30 December 2002 landslide boundary;
• The resulting potential landslides range in volume from 0.9 × • The measured InSAR-derived displacement can be related to the sliding of volcaniclastic materials due to the lava delta load under drained conditions (i.e., the drained shear strength of the SdF infill is higher than the maximum shear stress related to delta loading).
Comparing data from Stromboli with ground displacement measurements at Pico Island and Kilauea volcano, it is possible to state that lava delta motion is the evidence of the instability phenomena that take place in the flanks of the volcanoes. The continuous down-slope motion of the volcano slopes (and deltas) implies a limit equilibrium condition for the slopes. Any kind of perturbation that leads to an acceleration of the system, can produce a strong increase in the ground velocity and the development of rapid flow-like landslides. The successful strategy proposed here combines field-based observations and advanced techniques, such as remote sensing and numerical modelling, to provide information about both the nature and the extent of the post-effusive deformation field and the cause of the detected lava delta deformation. This study demonstrates how MT-InSAR techniques support the detection of lava delta instabilities and the identification and monitoring of coastal or submarine landslides in volcanic setting.
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